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INTRODUCTION 
In general, eddy current techniques are suitable for finding surface-breaking flaws in 
conductors. Subsurface cracks are very difficult to detect due to the skin depth effect. 
Acoustic techniques are effective at detecting subsurface voids, but cracks immediately 
beneath the surface are difficult to discriminate from the surface signal. Superconducting 
QUantum Interference Device (SQUID) magnetometers, very sensitive instruments for 
measuring DC and low frequency fields, have been used for detection of flaws in 
conducting objects [1,2,3]. By injecting DC and low frequency AC currents into a brass 
bar, we have detected a subsurface flaw using a SQUID magnetometer, and shown these 
data to be consistent with our theoretical calculation. 
THEORETICAL MODEL 
To simulate the magnetic fields produced by a current-carrying conductor with an 
internal flaws, we assurne that the conducting volume is an infinite half-space with 
constant conductivity 0', and that the fiaw is a spherical insulator with radius a, whose 
center is located at a distance d below the surface. In the absence of the flaw, the current 
density parallel to the surface Jo is uniform, and does not produce magnetic field in the 
direction normal to the surface. The current is perturbed by the introduction of the flaw, 
and then pro duc es a non-zero magnetic field in the normal direction. 
The details of the calculation are discussed elsewhere [4]. The electrical potential 
inside the conductor is calculated by the method of images. The (x'y'z') coordinate 
system for the potential calculation is shown in Fig. 1. The current is in the z' direction. 
In the limit of a/d < 0.8, the electrical potential at the point (r',O,ljJ) can be expressed as 
V(r',O,ljJ) = --T cosO - --r cosO 1 + -- -Jo , 1 Jo , ( a3 ) (a3 ) 
0' 2 0' 16d3 r,3 
1 Jo , a3 
---T cosO . 3 , 
2 0' (r12 + 4d2 - 4dr'smOcosljJ)'i (1) 
where 0' is conductivity of the conductor. 
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Figure 1. 
x 
p(x. y. z) 
d 
Z' = sin8conljl 
Y' = sin8sint 
z'= co'118 
The coordinate system for calculation, where (x'y'z') is the source 
point for potential and (XYZ) is the field point for the magnetic 
field. 
The current density can be derived from (1) by using Ohm's law 
J = -aV"V . 
The magnetic field is given by [5], 
jj = Po j. [ J x n dS 
471" } s IR - Til ' 
where S is the bounding surfaces of the region occupied by current, i.e. the surface at 
(2) 
(3) 
r' = a and x' = d in this case. J is the current density on the bounding surface, and Ti is 
an out ward unit vector normal to the surface S. We are interested in the field component 
in the direction normal to the surface only, which can be measured by our MicroSQUID 
magnetometer [2]. 
The normal component of the magnetic field produced by the spherical fiaw at the 
point P(X, Y, Z) (see Fig. 1) is derived from (1) - (3): 
Bx(X, Y, Z) = p oJoa3 { (~+ 9::2 ) ~3 
a3 [Y a(Xo+d)Y 
+ 8(a2 + 4d2)3/2 Al R3 + 3A2 R5 
~A a2y 15 A a2(Xo + d)2Y ]} 
2 3 R5 + 2 3 R7 ' (4) 
where X o is the distance from the point F(X, Y, Z) to the surface, and 
a2 + 4d2 • 
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EXPERIMENTAL RESULTS 
The sarnple was a rectangular brass bar with dimension of 305 mm x 88 mm x 25.4 
mm, as shown as Fig. 2. The inner fiaw was a spherical cavity with a 4.7 mm radius 
whose center was located 7.9 rnm below the top surface. The current was injected in the 
longitudinal direction. 
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Figure 2. The geometry of the test sampIe. The SQUID magnetometer is above 
the sampIe. 
Figure 3a is a contour plot of the magnetic field in the direction normal to the 
surface when we injected a 70 mA DC current. The background DC rnagnetic field due to 
magnetic contamination of the brass bar has been subtracted. The edge effect due to the 
finite width of the bar was reduced by placing a conducting sheet carrying a uniform 
current in the opposite direction [6]. The remaining background due to the incomplete 
cancelation has been subtracted. Figure 3b is the contour plot of the theoretical 
simulation using Eq.( 4), and the parameters obtained by fitting to the experimental data, 
a = 4.5 mm and d = 7.9 rnm, are in good agreement with the actual dimensions, a = 4.7 
mrn and d = 7.9 mm. 
We also injected a 29 mA AC current (the average current density J = 12.9 A/rn2 ) 
with frequencies of 10, 130 and 200 Hz into the brass bar. The corresponding contour 
maps are shown in Fig. 4. Obviously, the rnagnetic field reduced with increasing 
frequencies. Figure 5 is the comparision of the signal in Fig. 4 at Y=O, where the solid 
line is for 10 Hz, the dotted line is for 130 Hz, and the dashed line is for 200 Hz. 
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Figure 3. 
Figure 4. 
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a) The contour plot of the magnetic field measured at 2.8 mm above 
the brass bar. The DC current density J = 31.32 A/m2 . b) The 
contour plot of the magnetic field calculated at 2.8 mm above the 
sampie by taking the current density J = 31.32 A/m2 . The fitted 
radius and depth of the fiaw is a=4.5 mm and d=7.9 mm, which are 
in good agreement with the actual dimensions. The contour interval 
is 480 pT in both plots. 
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The contour maps of the magnetic field measured by injecting 29 mA 
AC current, (the average current density J = 12.9 A/m2), at a) 10 
Hz, b) 130 Hz and c) 200 Hz, the contour interval is 200 pT in both 
plots. 
The decrease of the magnetic fleld with increasing frequencies is due to the skin 
depth effect. For a semi-infini te extended conductof, the current densities inside the 
cond uctor decay exponentially as e- d/ 5 , where 0 is the skin depth defined by ('Ir f JlO" )-1/2, 
with f the frequency, Jl the magnetic permeability, and 0" the coneluctivity [7]. For a 
conductor with finite dimensions, the current density distributions are more complicated; 
however, the current still decreases with increased distance from the surface. 
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The magnetic flCld at Y= O for frequencies of 10 Hz (solid line), 130 
Hz (dotted line) and 200 Hz (dashed line). 
Because the cavity is located 7.9 mm below the top surface, the disturbed current 
due to the flaw reduces with increasing frequency. For a semi-infinite conductor the skin 
depth is 42 mm at 10 Hz, and the current density at the depth of the center of the cavity 
is 83% of surface current density. Figure 6 is the fit of the theoretical calculation (Eq. 4), 
which based on a uniform DC current disturbed by a spherical flaw, to the experimental 
results. In all measurements the total injected current is 29 mA, and the average current 
elensity is 12.9 A/m2 , if we suppose the current is uniform. In each panel, the solid !ine is 
the experimental elata anel the elasheel line is the calculation. 
Figure 6a shows a gooel agreemen t of the measured data at 10 Hz with the 
theoretical calculation, the fitteel current elensity is reeluced to 78% , i.e. 10 A/m2 . At 130 
Hz and 200 Hz, the skin depth is 11 mm and 9 mm, respectively, and the currents are 
mostly disturbed by the upper portion of the spherical cavity. Figures 6b and 6c show the 
eliscrepancies between the experimental elata anel the calculation. The parameters in Fig. 
6b and 6c were obtained by fitting the elata to the maximum anel minimum. The current 
elensities are J = 6.0 A/m2 at 130 Hz, anel J = 5.2 A/m2 at 200 Hz, wh ich are also 
consistent with the exponential decay e-d/ 8 at coresponeling frequencies. The fitted radii 
are a = 3.6 mm at 130 Hz an<! a = 3.1 mm at 200 Hz, which are smaller than the actual 
radius a = 4.7 mm. 
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Figure 6. 
CONCLUSIONS 
x,mm x, mm 
The comparison of the experimental data with the theoretical calcu-
lation. The solid line is the experimental data where a = 4.7 mm 
and the average current density J=12.9A/m2 , and the dashed line 
js the ca1culated data. The fitted parameters are a) 10 Hz, a = 4.3 
mm, J = 10.0 A/m2 , b) 130 Hz, a = 3.6 mm, J = 6.0 A/m2 , c) 200 
Hz, a = 3.1 mm, J = 5.2 A/m2 . 
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We have detected a 4.7 mm radius spherical flaw located 7.9 mm below the surface in 
a brass bar and injected DC or AC currents. Because of the skin depth effect, it was 
difficult to detect the flaw using frequencies above 200 Hz; the flat frequency responses of 
the SQUID makes it ideally suited for very low frequency measurements such as reported 
here. 
By varying the frequency of the AC current, it is possible to estimate the depth of 
the flaw. Also, by selecting an appropriate frequency, we can ignore deeper structures and 
concentrate on shallow flaws. In this measurement, we have not utilized the full sensitivity 
of the SQUID. We will be able to detect smaller and deeper flaws than we have reported 
here. 
The predictions of the model are in good agreement with the experimental data 
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when low frequency currents were used. At higher frequencies, the model was less accurate 
due to the skin depth effect. The model will be extended to include applied AC currents. 
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